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Abstract – To construct a novel live vaccine candidate for fowl typhoid (FT) caused by Salmonella
Gallinarum (SG), the lon and cpxR genes that are related to host-pathogen interaction were deleted from a
wild type SG using the allelic exchange method. The mutants were grown normally, as was the wild type.
The biochemical properties of the mutants remained very similar to those of the wild-type, while JOL914
(Dlon) and JOL916 (DlonDcpxR) were mucoid. Extracellular polysaccharide increased 30.6-, 1.3-, and 46.2-
fold in JOL914, JOL915 (DcpxR), and JOL916, respectively. Dot-blot analysis demonstrated signiﬁcant
increases of FimA expression at 6.77-, 2.33-, and 3.90-fold for JOL914, JOL915, and JOL916, respectively.
Internalizations of JOL914, JOL915, and JOL916, in chicken abdominal macrophages, were increased at
4.65-, 0.50-, and 2.72-fold, respectively. Virulences of JOL914, JOL915 and JOL916, analyzed by LD50
using 1-week-old chickens, were attenuated approximately at 10
1-, 10
1-, and > 10
3-fold, respectively. The
oral inoculations of 2 · 10
7 cfu of the wild type, JOL914, JOL915 and JOL916 caused 55.6, 16.7, 22.2, and
0.0% mortality, respectively. Signiﬁcantly moderate gross lesions of the liver and spleen were observed in
the JOL916 group compared to the other groups. An induced immune response and signiﬁcant peripheral
mononuclear proliferation reaction were observed in the JOL916 group. At the protection against the wild
type challenge, JOL916 offered 100% protection. Thus, the results of this study suggest that JOL916 among
the mutants studied represented the safest and most effective live vaccine candidate against FT.
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1. INTRODUCTION
Fowl typhoid (FT) is an acute disease
causing septicemia in poultry; it is caused by
Salmonella enterica serovar Gallinarum biovar
Gallinarum (SG) [27]. Even though the causa-
tive agent has adapted to its avian host and
rarely induces food poisoning in humans, vigi-
lant control of the poultry industry has been
instituted worldwide to prevent economic loses
due to FT outbreaks; eradication of this disease
in some countries has been extremely difﬁcult
[1, 3, 42]. Vaccination with a rough mutant
strain referred to as 9R, for the control of FT,
was initially reported about half a century ago
[36]. However, residual virulence has been
observed and the protection provided has been
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including a number of live vaccine candidates
have been investigated during the last two dec-
ades. In contrast to the genetically undeﬁned 9R
strain, genetically deﬁned mutant strains of
genes encoding metabolic pathways have been
studied, and a degree of attenuation of virulence
and protection against FT has been reported.
These disrupted mutants include the following:
aroA mutant [14], nuoG mutant [46], metC
mutant [35], and the crp mutant of SG [33].
However, there are no trials evaluating the
mutants of host-pathogen interaction-related
genes in SG. This is because the genetic basis
of SG virulence and the molecular mechanisms
involved in systemic infection and the develop-
ment of FT are relatively unknown, while the
pathogenic mechanisms are supposed to be dif-
ferent from non-host adapted serotypes such as
Salmonella Typhimurium (ST) [16, 17, 34].
In ST, deletion of lon and/or cpxR genes has
been recently reported [20, 23, 37, 38]. The
intracellular protease Lon represents four mea-
sure energy-dependent proteases, known as
stress-induced proteins in bacteria. The impor-
tance of Lon has been shown not only for the
regulation of various physiological activities
but also in the pathogenesis of a number of bac-
teria [40]. In ST, lon has been shown to nega-
tively regulate Salmonella pathogenicity island
(SPI) 1. In addition, the lon mutant of ST has
shown satisfactory attenuation of virulence
and induction of protective immunity in mice
[23, 38]. Recently, the lon mutant of ST was
shown to increase the synthesis of ﬁmbriae as
well as capsular polysaccharides, suggesting
alteration of attachment and invasion capabili-
ties [20]. The CpxAR is known as a two-com-
ponent regulator system that governs one of the
major response pathways of changes in the cell
envelope of bacteria. Activated CpxR controls
part of the envelope stress response system,
the pilus assembly, type III secretion system
(TTSS), motility and chemotaxis, adherence,
and bioﬁlm development [44]. In a number of
gram-negative bacteria, this pathway has been
shown to be involved in virulence gene expres-
sion at the early stage of infection such as with
hilA in ST [25]. Recent research has shown that
the deletion of cpxR does not alter extracellular
polysaccharide (EPS) production; however, it
increases the expression of ﬁmbriae in ST [20].
In this study SG mutants were constructed
with deletions of the lon and/or cpxR genes to
determine the efﬁcacy of the mutants for use
as live vaccine candidates for the prevention
of FT. The physiological features related to
attachment and invasion mechanisms were
investigated, and the pathogenicity and immu-
nogenicity after inoculation of the mutants in
susceptible chickens were studied. The results
showed satisfactory attenuation of SG virulence
with deletion of lon/cpxR and signiﬁcant spe-
ciﬁc immune responses and protection against
wild type challenge.
2. MATERIALS AND METHODS
2.1. Bacterial strains and genetic manipulation
Construction of deletion mutants was performed
by the allelic exchange method using the suicide vec-
tor pMEG-375 as described previously. The wild-
type SG JOL394 chromosomal DNA was used as a
template when the left and right arms of the lon
and cpxR genes were ampliﬁed by the polymerase
chain reactions (PCR) and as host cells of conjuga-
tional transfer of recombinant suicide vectors
[18, 20]. After conjugational transfer followed by
antibiotic and sucrose sensitivity counter selection,
the selected colonies were examined by PCR for
the lon amd cpxR gene deletions, and designated as
JOL914 and JOL915, respectively. For conﬁrmation
of the lon and cpxR genotype, primer sets of 50-CA
GGAGTTCTTACAGGTAGA-30/50-CCACACTCC
GCTGTAGGTGA-30 and 50-CATCATCTGCGG
GTTGCAGC-30/50-GATAATTTACCGTTAACGA
C-30 were constructed, respectively. Using the same
conjugational procedures and selection, deletion of
cpxR was introduced into JOL914, and designated
as JOL916.
2.2. Phenotype of mutant strains
2.2.1. Colony morphology and growth curves
Growth curves were determined by adding 1/100
volume of overnight culture into 200 mL of LB broth
(Becton, Dickinson and Company, Franklin Lakes,
NJ, USA) and incubating at 37  C with shaking at
250 rpm. The optical density at 600 nm (OD600)
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morphologies of each strain streaked on LB agars
(Becton, Dickinson and Company) were assessed
after 24 h incubation at 37  C.
2.2.2. Biotype of mutant strains
The biochemical phenotypes were analyzed with
the API 20E system (bioMe ´rieux, Rho ˆne, France).
The cells were grown for 24 h at 37  Co nL Ba g a r
suspended in 0.85% sodium chloride solution and
processed as per the instructions provided by the
manufacturer.
2.2.3. Extra-cellular polysaccharides
Fluorometric quantiﬁcation of EPS by the conca-
navalin A (Con-A) binding assay was performed
[32]. Brieﬂy, the cells grown on LB agar for 24 h at
37  C were suspended in phosphate-buffered saline
solution (PBS) at an OD600 of 0.5. Fluorescein
isothiocyanate-conjugated Con-A (Sigma-Aldrich,
St. Louis, MO, USA) was added at 4 lg/mL, incu-
batedfor30 min,andwashedtwicewithPBS.Finally,
200 lL of suspension was transferred into a 96-well
microplate (Berthold technologies GmbH & Co. KG,
Bad Wildbad, Germany). Fluorescence intensity was
recorded with TriStarLB941 (Berthold technologies
GmbH&Co.KG).Normalizationwasperformedwith
the viable cell number obtained by colony count.
2.2.4. Colonies with FimA expression
Relative expression of FimA was compared
between strains. The FimA gene was cloned from a
ST wild isolate to pET28a using a primer set of
50-GGATCCGCTGATCCTACTCCGGTGAG-30,
50-CTCGAGTTCGTATTTCATGATAAAGG-30 to
over-express the 6 · His-tag attached protein, which
was puriﬁed using Ni-NTA agarose (Peptron, Dae-
jon, South Korea) and inoculated into rabbits to
obtain anti-FimA serum. The colonies grown on
LB agar for 24 h at 37  C were suspended in PBS
at an OD600 of 0.5, and diluted at 1:100. The concen-
tration of each suspension was determined by the col-
ony count method for normalization. A piece of
Protran
  nitrocellulose membrane with a pore size
of 0.2 lm (Schleicher & Schuell, Dassel, Germany),
which was immersed in Tris-buffered saline (TBS,
10 mM Tris, 0.9% sodium chloride, pH 7.4) was
set in a 96-well Bio-Dot
TM apparatus (Bio-Rad
Laboratories, Hercules, CA, USA), according to the
manufacturer’s instructions.
2.3. Invasion of chicken macrophages
Sephadex-elicited abdominal exudate cells were
harvested from six female Brown Nick layer chickens
at 17 weeks of age using the methods reported by
Qureshi et al. [28]. Invasion analysis was performed
in triplicate with minor modiﬁcation of the previously
reported methods [15, 17]. Overnight cultures of SG
strains were inoculated at a multiplicity of infection
(m.o.i.) of 10 in RPMI-1640 medium supplemented
with 10% fetal calf serum and 2 mM L-glutamine
but without antibiotics in a shaking incubator at
37  C. The cells were incubated in the presence of
SG strains for 1 h at 40  C, followed by incubation
in RPMI medium containing 100 lg/mL of gentami-
cin sulfate for 30 min at 37  C. The sensitivity of
each strain against gentamicin was preliminarily
tested. The estimation of bacterial invasion was made
by lysing the adherent cells with 100 lLo f1 %
Triton X in PBS and then plating the lysate onto
LB agar at adequate dilutions.
2.4. Determination of 50% lethal doses (LD50)
in chickens
The animal experiments in this study were con-
ducted with the approval of the Chonbuk National
University Animal Ethics Committee in accordance
with the guidelines of the Korean Council on Animal
Care. Five hundred female 1-week-old Brown Nick
chickens, divided into 25 groups (n =2 0 ) , w e r e
orally inoculated with bacterial suspensions at ade-
quate concentrations. The mortality rates were moni-
tored every day for 3 weeks. The cause of death was
conﬁrmed by evaluation of the gross lesions and bac-
terial recovery. On the third week, all remaining
chickens were sacriﬁced and bacteriological exami-
nation was performed to diagnose bacteremia using
a direct stamp of the liver on brilliant green agar
(BGA, Becton, Dickinson and Company). The
method described by Reed and Muench was used
for the LD50 [31].
2.5. Pathogenicity and immunogenicity
of the mutants in chickens
2.5.1. Bacterial inoculation into animals
Ninety female 1-week-old Brown Nick chickens,
divided into ﬁve groups (n = 18), provided water and
antibiotic-free food ad libitum, were inoculated via
the oral route with 100 lL of bacterial suspension
containing 2 · 10
7 cfu of the overnight culture in
lon/cpxR mutants of Salmonella Gallinarum Vet. Res. (2010) 41:59
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was inoculated with PBS.
2.5.2. Observations of mortality, gross lesions
and recovery after inoculation
After inoculation, the mortality rate was assessed
daily for 2 weeks. After the apparent recovery of all
remaining animals, on the second week post immuni-
zation (wpi), ﬁve randomly selected animals, per
group, were sacriﬁced. The gross lesions of enlarged
and necrotic foci of the liver and spleen were given
scores of: 0, 1, 2, or 3 for each lesion. A score of 0
indicated no lesion and theh i g h e rs c o r e sw e r ea s s o -
ciated with more severe lesions. For bacterial recov-
ery, a sample of the liver and spleen was minced in
buffered peptone water (Becton, Dickinson and Com-
pany), and the homogenate was inoculated on BGA
for enumeration and incubated overnight at 37  C
with continuous shaking, followed by culture in Rap-
paport-Vassiliadis R10 broth (Becton, Dickinson and
Company) for 48 h at 42  C. A loop of the enrich-
ment broth was streaked onto BGA and the Salmo-
nella-type colonies were examined after incubation
at 37  C for 24 h.
2.5.3. Peripheral lymphocyte proliferation assay
The lymphocyte proliferation assay was carried
out according to Rana et al. to evaluate the cell-med-
iatedimmunity intheimmunized groups [29]. Soluble
antigen was prepared from the SG wild-type strain
JOL394 [29]. Ten days after the immunization, the
peripheral lymphocytes were separated from ﬁve ran-
domly selected chickens per group using the gentle
swirl technique [13]. After trypan blue dye exclusion
testing, 100 lLofviablemononuclearcellsuspension
at 1 · 10
5 cfu/mL in RPMI-1640 medium supple-
mented with 10% fetal calf serum, 2 mM L-gluta-
mine, 50 U/mL of penicillin, 50 lg/mL of
streptomycin, and 2 lg/mL of fungizone were incu-
bated in triplicate in 96-well tissue culture plates with
50 lL of medium alone or medium containing 4 lg/
mL of soluble antigen at 40  C, in a humidiﬁed 5%
CO2 atmosphere for 72 h. The proliferation of stimu-
lated lymphocytes was measured using adenosine tri-
phosphate (ATP) bioluminescence as the marker of
cell viability with the ViaLight
  Plus Kit (Lonza
Rockland, ME, USA), which provides an estimation
of mitochondrial activity [9], according to the product
information. The emitted light intensity was measured
using a luminometer (TriStarLB941, Berthold thech-
nologies GmbH & Co.) with an integrated program
for one second duration. The blastogenic response
against speciﬁc antigen was expressed as the mean
stimulation index (SI) as previously reported [29].
2.5.4. Plasma IgG concentration
Indirect ELISA was performed with an outer
membrane protein fraction (OMP) that was extracted
from the JOL394 strain [19] .T h ep l a s m as a m p l ew a s
separated by centrifugation of the peripheral blood.
ELISA was performed using chicken IgG ELISA
Quantitation Kits (Bethyl laboratories, Montgomery,
TX, USA) according to the product information.
Wells of Microlon
  ELISA plate (Greiner Bio-One
GmbH, Frickenhausen, Germany) were coated with
100 lL of OMP at a concentration of 0.2 mg/mL.
The wells were reacted with plasma at 1:250 dilution
for 1 h, followed by reaction with goat anti-chicken
IgG-horseradish peroxidase (HRP)-conjugate at
1:100 000 dilutions for 1 h. The bound HRP activity
was determined using o-Phenylenediamine dihydro-
chloride (Sigma-Aldrich). The OD492 was deter-
mined with an ELISA reader after the reaction was
s t o p p e dw i t h3MH 2SO4.
2.6. Protection against challenge
Thirty female 1-week-old Brown Nick chickens,
divided into two groups (n = 15), provided water
and antibiotic-free food ad libitum, were inoculated
via the oral route with 100 lL of bacterial suspension
containing 2 · 10
7 cfu of the overnight culture of
JOL916 in LB broth with continuous shaking. The
control group was inoculated with PBS. At the third
week, chickens were orally challenged with a wild
type SG JOL394 at the dose of 2 · 10
6 cfu per
chicken. Animals were daily observed for depression
and mortality during 2 weeks, at which time all the
chickens showed symptomatic recovery. Parameters
used for evaluation of depression included loss of
appetite, closed eyes, and lack of response to external
stimuli. Each animal was scored on a scale of 0 (no
depression) to 3 (severe depression), and for each
group the mean depression score was calculated.
2.7. Statistical analysis
All data are expressed as means ± SEM unless
otherwise speciﬁed. The analyses were performed
with SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
The Student’s t-test was used to analyze the in vitro
experimental data of mutant strains compared to
JOL394. The Mann–Whitney U test was used for
analysis of signiﬁcant differences in the gross lesion
Vet. Res. (2010) 41:59 K. Matsuda et al.
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groups compared to the immunized group with
JOL394 and the unimmunized control group.
3. RESULTS
3.1. Constructions of mutant strains
Successful deletions of the lon gene in
JOL914, of the cpxR gene in JOL915, and of
both genes in JOL916 were conﬁrmed by
PCR with the expected amplicon sizes of
3.88 kb and 1.54 kb for the intact wild and
deleted mutant of the lon gene, respectively,
and the 2.71 kb and 2.04 kb for the intact wild
and deleted mutant of the cpxR gene.
3.2. Phenotypes of mutant strains
The growth conditions of the mutants were
examined using growth curves. The growth
curves of the mutants in the LB broth under
high-oxygen conditions were fundamentally
similar to the wild type, while the mutants were
slightly impeded at entering the exponential
phase (data not shown). Both wild-type and
mutant strains reached exponential and station-
ary phases after 1.5 h and 9.5 h from initiation,
respectively. Colony morphology on the LB
agar of JOL394 was white, round and small.
JOL914 and JOL916 were mucoid compared
to the wild type, while the colony appearance
of JOL915 did not differ from that of
JOL394. The biochemical phenotypes of the
mutant strains examined by API 20E were
almost consistent with the wild type, except
for glucose fermentation of JOL915: the wild
type and the other mutants did not perform glu-
cose fermentation, but JOL915 did. Interest-
ingly, the double mutant JOL916 recovered
the wild type phenotype to offset the JOL915
property. The EPS per cell of the 24-h culture
on LB agar of JOL914, JOL915, and JOL916
showed 30.6-, 1.3-, and 46.2-fold increases,
respectively, compared to the wild type
JOL394 (Fig. 1A). To investigate the ﬁmbrial
expression of the mutants, 24-h cultures of the
mutants and wild type were examined on the
LB agar by dot-blot analysis. Signiﬁcant FimA
expression was detected at 6.77-, 2.33-, and
3.90-fold increases of JOL914, JOL915, and
JOL916 compared to the wild type, respectively
(p < 0.05, Fig. 1B).
3.3. Internalization in macrophages
To examine whether the gene deletions had
an effect on chicken macrophage internaliza-
tion, the SG mutants were inoculated into
chicken abdominal macrophages. All of the
SG strains were internalized by the chicken
abdominal macrophages. Viable cell counts
were demonstrated at 3.32 ± 0.03, 4.05 ±
0.02, 3.07 ± 0.09, and 3.81 ± 0.03 cfu/mL on
al o g 10 scale, which were 4.65- (p < 0.001),
0.50- (p = 0.057), and 2.72-fold (p < 0.001)
Figure 1. Phenotype examination of Salmonella
Gallinarum wild type strain (JOL394), Dlon
(JOL914), DcpxR (JOL915), and DlonDcpxR
(JOL916) mutant strains: A, relative extra-cellular
polysaccharide of 24-h culture on LB agar exam-
ined by concanavalin-A binding ﬂuorometric assay;
B, relative FimA expression of 24-h culture on LB
agar by dot-blot analysis. Error bars indicate the
SEM. * Signiﬁcant difference of mutants from the
parental strain JOL394 (p < 0.05).
lon/cpxR mutants of Salmonella Gallinarum Vet. Res. (2010) 41:59
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respectively, compared to JOL394 (Tab. I).
3.4. Attenuation of the virulence of mutants
in chickens
In order to validate the safety of the mutants
aslivevaccines,theattenuationofvirulencewas
examined by the LD50 using systemic FT-sus-
ceptible Brown Nick female chicks at 1 week
of age. By the third week of inoculation, all
remaining animals were in good general condi-
tion. The postmortem bacteriological examina-
t i o ns h o w e dn ob a c t e r e m i ai na l lc h i c k e n s
regardless of the dose and strains inoculated.
As shown in Table II,t h eL D 50 of JOL914
and JOL915 were similar, 2.3 · 10
8 cfu and
2.1 · 10
8 cfu, respectively, approximately
a 10-fold attenuation compared to 3.0 · 10
7 cfu
with the wild type JOL394. By contrast, the
LD50 of JOL916 was more than 2.8 · 10
10 cfu,
which was at least a 10
3-fold attenuation.
3.5. Pathogenicity and immunogenicity
of mutant strains in chickens
3.5.1. Mortality, gross lesions, and bacterial
recovery after inoculation
Following oral inoculation with 2 · 10
7 cfu
of JOL394, JOL914, and JOL915, 55.6%
(10/18), 16.7% (3/18), and 22.2% (4/18) mor-
tality, respectively, was observed by the second
week post inoculation (wpi) (Tab. III). There
was no mortality in the JOL916 group and
the unimmunized control group. At the second
wpi, ﬁve randomly selected chickens from each
group were euthanized for postmortem exami-
nation to evaluate the safety of the mutants.
The ﬁndings of enlarged white spots of the liver
and spleen were scored from 0 to 3 as men-
tioned above; the means of the organ lesion
scores for the mutant groups were compared
to the wild type group. As demonstrated in
Table III, the JOL394 group was scored as
1.40 ± 0.80 and 0.80 ± 0.40 for the liver and
spleen, respectively. The JOL914 group was
statistically similar to the JOL394 group, with
a score of 1.20 ± 0.40 and 1.00 ± 0.63 for the
liver and spleen, respectively. The scores of
the JOL915 group were 1.20 ± 0.00 and
0.60 ± 0.49 for the liver and spleen, respec-
tively, where the spleen lesions scored signiﬁ-
cantly lower than the JOL394 group. The
liver and spleen lesion scores for the JOL916
group were 1.00 ± 0.89 and 0.40 ± 0.20,
respectively; signiﬁcantly lower than the
JOL394 group for both organs. The persistence
of the mutants in the tissues of the liver and
spleen was also examined. By both direct col-
ony count of homogenized tissue on the BGA
and enrichment culture of the ﬁve chickens
from the JOL394 and JOL914 groups, no col-
ony was observed from the liver and spleen
samples (Tab. III). In the JOL915 group, no col-
ony was found from either organ by the direct
colony count method, and bacteria were recov-
ered from only one out of ﬁve spleens by the
enrichment culture method. In the JOL916
group, 3 out of 5 livers and 3 out of 5 spleens
Table I. Internalization of the Salmonella Gallina-
rum wild type and lon, cpxR, and lon/cpxR mutants
in the chicken abdominal macrophages determined
by the gentamicin protection assay.
Strain Genotype Internalization
(Log10 cfu/mL)
a
JOL394 Wild type 3.32 ± 0.03
JOL914 Dlon 4.05 ± 0.02
b
JOL915 DcpxR 3.07 ± 0.09
c
JOL916 DlonDcpxR 3.81 ± 0.03
b
a Number of intracellular bacteria in chicken abdom-
inal macrophage after exposure with m.o.i. of 10 for
60 min and killing of extracellular bacteria by genta-
micin for 30 min (mean ± SEM).
b Signiﬁcant difference between JOL394 (p < 0.001).
c Not signiﬁcant difference between JOL394
(p = 0.057).
Table II. Chicken LD50 for the wild type and
mutant strains.
Strain LD50 (cfu)
JOL394 3.0 · 10
7
JOL914 2.3 · 10
8
JOL915 2.1 · 10
8
JOL916 > 2.8 · 10
10
Vet. Res. (2010) 41:59 K. Matsuda et al.
Page 6 of 12 (page number not for citation purpose)T
a
b
l
e
I
I
I
.
M
o
r
t
a
l
i
t
y
,
g
r
o
s
s
l
e
s
i
o
n
,
a
n
d
b
a
c
t
e
r
i
a
l
r
e
c
o
v
e
r
y
o
f
S
a
l
m
o
n
e
l
l
a
i
n
t
h
e
c
h
i
c
k
e
n
s
i
n
o
c
u
l
a
t
e
d
w
i
t
h
t
h
e
w
i
l
d
t
y
p
e
a
n
d
m
u
t
a
n
t
s
.
S
t
r
a
i
n
M
o
r
t
a
l
i
t
y
G
r
o
s
s
l
e
s
i
o
n
a
B
a
c
t
e
r
i
a
l
r
e
c
o
v
e
r
y
n
D
e
a
t
h
r
a
t
e
(
%
)
n
L
i
v
e
r
S
p
l
e
e
n
L
i
v
e
r
S
p
l
e
e
n
I
l
e
u
m
C
e
c
a
d
C
o
u
n
t
e
N
o
p
o
s
i
t
i
v
e
f
C
o
u
n
t
N
o
p
o
s
i
t
i
v
e
C
o
u
n
t
N
o
p
o
s
i
t
i
v
e
C
o
u
n
t
N
o
p
o
s
i
t
i
v
e
J
O
L
3
9
4
1
8
5
5
.
6
5
1
.
4
0
±
0
.
8
0
b
0
.
8
0
±
0
.
4
0
<
1
0
/
5
<
1
0
/
5
<
1
0
/
5
<
1
0
/
5
J
O
L
9
1
4
1
8
1
6
.
7
5
1
.
2
0
±
0
.
4
0
1
.
0
0
±
0
.
6
3
<
1
0
/
5
<
1
0
/
5
<
1
0
/
5
<
1
0
/
5
J
O
L
9
1
5
1
8
2
2
.
2
5
1
.
2
0
±
0
.
0
0
0
.
6
0
±
0
.
4
9
c
<
1
0
/
5
<
1
1
/
5
<
1
0
/
5
<
1
0
/
5
J
O
L
9
1
6
1
8
0
5
1
.
0
0
±
0
.
8
9
c
0
.
4
0
±
0
.
2
0
c
1
.
0
3
±
0
.
9
2
3
/
5
2
.
1
4
±
1
.
7
5
3
/
5
<
1
1
/
5
<
1
1
/
5
N
o
n
1
8
0
5
0
.
0
0
±
0
.
0
0
c
0
.
0
0
±
0
.
0
0
c
<
1
0
/
5
<
1
0
/
5
<
1
0
/
5
<
1
0
/
5
a
G
r
o
s
s
l
e
s
i
o
n
w
a
s
o
b
s
e
r
v
e
d
a
f
t
e
r
s
a
c
r
i
ﬁ
c
e
o
f
r
a
n
d
o
m
l
y
s
e
l
e
c
t
e
d
ﬁ
v
e
a
n
i
m
a
l
s
p
e
r
g
r
o
u
p
a
t
2
w
e
e
k
s
p
o
s
t
i
n
o
c
u
l
a
t
i
o
n
.
b
G
r
o
u
p
l
e
s
i
o
n
s
c
o
r
e
(
m
e
a
n
±
S
E
M
)
.
c
T
h
e
g
r
o
s
s
l
e
s
i
o
n
s
c
o
r
e
o
f
t
h
e
g
r
o
u
p
w
i
t
h
m
u
t
a
n
t
i
s
s
i
g
n
i
ﬁ
c
a
n
t
l
y
d
i
f
f
e
r
e
n
t
f
r
o
m
t
h
e
g
r
o
u
p
w
i
t
h
w
i
l
d
t
y
p
e
S
G
(
p
<
0
.
0
5
)
.
d
C
e
c
u
m
w
a
l
l
a
n
d
c
e
c
a
l
c
o
n
t
e
n
t
.
e
M
e
a
n
±
S
E
M
L
o
g
1
0
c
f
u
/
g
.
f
N
u
m
b
e
r
o
f
p
o
s
i
t
i
v
e
s
a
m
p
l
e
a
f
t
e
r
e
n
r
i
c
h
m
e
n
t
c
u
l
t
u
r
e
.
n
,
n
u
m
b
e
r
s
o
f
t
h
e
b
i
r
d
s
u
s
e
d
.
lon/cpxR mutants of Salmonella Gallinarum Vet. Res. (2010) 41:59
(page number not for citation purpose) Page 7 of 12were positive for bacterial recovery, and the
mean number per gram was 1.03 ± 0.92 and
2.14 ± 1.75 on the log10 scale for the liver
and spleen, respectively.
3.5.2. Immune response
Cellular immune responses induced by the
strains in the chickens were examined by the
peripheral mononuclear cell proliferation assay
using soluble antigen extracted from the wild
type SG strain. The SI values were calculated
asmentionedabove.Onthe10thdaypostimmu-
nization, all immunized groups showed signiﬁ-
cantly elevated SI values compared to the
unimmunized group. The SI values of 2.93 ±
0.71, 2.37 ± 0.86, 1.92 ± 0.88, and 3.18 ±
1.50 were observed in the JOL394, JOL914,
JOL915andJOL916immunizedgroups,respec-
tively;whiletheSIvaluewas1.17 ± 0.07forthe
unimmunizedgroup(Fig.2A).ThesystemicIgG
reaction was analyzed by determining the spe-
ciﬁc IgG in plasma by indirect ELISA using
OMP antigen extracted from the wild type SG.
Onthesecondwpi,only3outof5chickensfrom
the JOL916 group showed a considerable reac-
tion resulting in a signiﬁcantly elevated value,
124.97 ± 140.65 lg/mL of IgG concentration
comparedto4.65 ± 2.61 lg/mLintheunimmu-
nized group (Fig. 2B). However, in the chickens
from the JOL394, JOL914, andJOL915groups,
only negligible reactions, if any, were observed
and the mean values were 7.36 ± 6.53, 7.70 ±
4.34, and 14.30 ± 13.92 lg/mL, respectively.
3.6. Protection against challenge
To evaluate the protective effect of JOL 916,
the birds were challenged with the SG virulent
strain and were observed for depression and
mortality. The mortality and depression scores
after challenge with the SG virulent strain are
indicated in Table IV. In the immunized group,
two chickens showed slight and temporal
depression followed by recovery while in the
un-immunized group all the chickens showed
prolonged depression. No mortality was
observed in the immunized group with
JOL916 while 9 of 15 birds died in the
un-immunized group.
Figure 2. Antigen-speciﬁc immune responses in
immunized chickens with Salmonella Gallinarum
wild type strain (JOL394), JOL914, JOL915, and
JOL916: A, SI of lymphocyte sample from the
chickens by peripheral lymphocyte proliferation
assay using soluble antigen at 10th day post
inoculation; B, plasma IgG concentration (lg/mL)
by indirect-ELISA at second week post immuniza-
tion. Error bars indicate the SEM (n = 5). * Immu-
nized chickens showed the signiﬁcant immune
responses compared to the control group that was
inoculated with PBS (p < 0.05).
Table IV. Mortality and depression score after
challenge with wild type SG.
Strain Mortality Depression
score
a
n Death rate (%)
JOL916 15 0 (0) 0.2 ± 0.5
Control 15 9 (60) 2.5 ± 0.6
a Group depression score (mean ± SEM).
Control represents the unimmunized group.
Vet. Res. (2010) 41:59 K. Matsuda et al.
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Although SG is one of the most important
bacterial pathogens found in poultry, the genetic
basis of SG virulence and molecular mecha-
nisms of FT have not been fully elucidated
[7, 16, 29, 42]. Recent research has shown the
importance of SPI-2 clusters in the virulence
of SG for systemic infections by analysis of
various gene-deﬁcient mutants [16, 17]. SG is
thought to invade the mononuclear phagocyte
system within macrophages of the liver and
spleen [2]. Although bacterial clearance of the
attenuated strains of SG have been reported to
correlate with the immune response peak in
the chicken [42], unlimited proliferation of fully
virulent strains in the host leads to bacteremia,
acute illness and death [7]. In this study, the
effects of deletions of lon and/or cpxR genes
of SG that are related to attachment and inva-
sion of pathogens to host cells were examined.
ATP-dependent protease Lon and the signaling
pathway Cpx system in pathogenic bacteria
have been discussed in the context of their rela-
tionship to pathogenesis. Several decades ago
their role along with Escherichia coli were in
part initially reported; the contribution of Lon
in EPS production and repression by the Cpx
pathway of adherence structures such as curli,
P pilil and F pili were initially discussed
[11, 22, 39]. In ST, signiﬁcant involvement of
these genes in the pathogenic mechanisms has
been recently suggested in studies reporting
on gene-disrupted mutants, and the possibility
of target genes, for the construction of live vac-
cine, has been proposed [20, 23, 38].
The growth conditions and biochemical
properties were not altered by deletions of the
lon/cpxR genes from SG; these ﬁndings suggest
that these genes are not central to the related
metabolic pathways of SG. The mucoid colony
morphology of the Dlon mutant, JOL914 and
the DlonDcpxR mutant, JOL916 was consistent
with the results of ﬂuorometric quantiﬁcation of
EPS using the Con-A binding assay; whereas
the wild type and DcpxR mutant, JOL915
showed a little elevation of the EPS. While
SG is considered a Salmonella serovar without
ac a p s u l e[ 27], the colanic acid is thought to be
an important EPS component that plays a role
in bioﬁlm formation of E. coli on abiotic sur-
faces. The responsible gene clusters are known
to be well conserved among Gram negative
species such as E. coli, Klebsiella,a n dSalmo-
nella [10, 21, 26, 30].
FimA is the major structural subunit of
Salmonella type I ﬁmbriae that is expressed
by most Salmonella serovars; its role in the
SG attachment or invasion into chicken cells
is not fully understood [43]. The amino acid
sequence of this protein is well conserved
among serovars, while type I ﬁmbriae of SG
does not exhibit mannose-sensitive hemaggluti-
nation [8, 12]. However, ST has been reported
to have the ability to adhere to and form a bio-
ﬁlm on chicken intestinal epithelium in a type I
ﬁmbriae-dependent manner, followed by EPS
secretion, suggesting involvement of both type
I ﬁmbriae and EPS on attachment and invasion
of ST in chicken cells [4, 5, 21]. In this study,
6.77-, 2.33-, and 3.90-fold elevations of FimA
in the JOL914, JOL915 and JOL916 groups
were compared to the wild type, respectively
(Fig. 1B). The biological features of the mutants
including the elevated expression of EPS and
FimA observed in this study indicated that these
strains may increase their attachment and inva-
siveness into host cells. In addition, since poly-
saccharides and FimA are important antigenic
components, these mutants may be expected
to induce an effective immune response for pro-
tection against pathogens.
Internalization of SG mutants into chicken
abdominal macrophages was analyzed to exam-
ine whether gene deletions altered invasiveness
into chicken macrophages. The bacteria-medi-
ated cytotoxicity was not determined in this
study; SG is reported to cause little or no cyto-
toxicity in chicken macrophages in contrast to
the serovars Enteritidis and Typhimurium asso-
ciated with higher levels of cytotoxicity [41].
As shown in Table I, the intracellular number
of bacteria in chicken macrophages of the
JOL914 group was signiﬁcantly increased by
4.65-fold compared to the wild type as expected
from the activity of Lon that negatively regu-
lates SPI-1 expression [4, 38]. By contrast, the
number was decreased in the JOL915 group.
The Cpx pathway related to physiological
responses has been extensively studied
lon/cpxR mutants of Salmonella Gallinarum Vet. Res. (2010) 41:59
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been identiﬁed that are involved in the pathway
of persistence in the host environment [45].
Therefore, the decreased internalization of the
mutant was probably due to impaired adaptabil-
ity to the environment, resulting in decreased
persistence in the macrophages.
The effects of the gene deletions on
virulence were examined by LD50 using
1-week-old chickens. As shown in Table II,
the virulence of JOL914 was only attenu-
ated10-fold, compared to the wild type. This
result was unexpected since the lon-mutant of
ST in the mouse model was more than 10
3-fold
attenuated [20, 37]. The modest degree of atten-
uation of the lon mutant in this study implies
that lon is less responsible for attenuation in
SG. JOL915 also showed an approximately
10-fold attenuation. The mutant with both
genes deleted, JOL916, showed considerable
attenuation of virulence, which indicated that
deletions of these two genes may have synergis-
tic effects on the attenuation of SG.
To evaluate the safety of the SG mutants as
live vaccines, mortality, gross lesions, and bac-
terial persistence were evaluated after inocula-
tion of these strains into chickens. The
observed mortalities were 55.6, 16.7, 22.2 and
0.0% in the wild type, JOL914, JOL915 and
JOL016 groups, respectively, consistent with
the LD50 results (Tabs. II and III). The gross
lesions found in the JOL916 chickens were
scored as moderate compared to the other
groups; this indicated satisfactory attenuation
of the virulence caused by the double deletions
of the two genes (Tab. III). Among all strains,
JOL916 demonstrated a long bacterial persis-
tence in the organs of the chicken (Tab. III).
These data suggest that this strain resides longer
in the organs without any signiﬁcant virulence.
However, it cannot be excluded that this long
persistence may result in undesirable complica-
tions when immunity is suppressed by any
immunosuppressive factors including patho-
gens, medicines and vaccines.
Cell-mediated immunity induced by the vac-
cine is one of the most important indices of pro-
tection; it has been correlated with a high rate of
survival in chickens after challenge with virulent
SG[29].Inthisstudy,ATPbioluminescencewas
used as a marker of cell viability, and clear
responsesweredetected10daysafterimmuniza-
tion in the groups (Fig. 2A). In addition, a spe-
ciﬁc IgG response was exclusively detected in
the immunized JOL916 group of chickens
(Fig. 2B). The high rate of immune responses
was very likely due to the long persistence of
the attenuated Salmonella in reticuloendothelial
organs such as the spleen and liver. These data
suggestthatthisstrainmayelicitalonginduction
of immunity and may efﬁciently protect against
FT.
In the protection assay, the immunization
with JOL916 offered efﬁcient protection against
the wild type challenge, while 60% mortality
was observed in the control group, indicating
that JOL916 is a potential live vaccine candi-
date. However, more studies dealing with the
possible side effects induced by this mutant
strain are necessary. The possibility of egg con-
tamination with the vaccine candidate strain
might also be a point of concern.
In conclusion, the lon mutant JOL914 was
shown to increase signiﬁcantly in its invasive-
ness of chicken macrophages with moderate
but not satisfactory attenuation. The deletion
of cpxR decreased its persistence in macro-
phages with unsatisfactory attenuation. These
two mutants did not induce a high degree of
protective immune responses. By contrast, the
mutant with both genes deleted, JOL916, had
increased invasiveness with satisfactory attenu-
ation, resulting in successful induction of
immunity that could safely and effectively pro-
tect against FT.
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